Objective: Small scale mechanical testing techniques offer new possibilities for defining changes in mechanical properties that accompany the morphological, histological, and biochemical abnormalities of osteoarthritis (OA). The goal of this study was to investigate the use of microindentation in characterizing the biphasic material properties of articular cartilage. Direct comparisons of the biphasic properties (E, k and n) determined using microindentation were made to those determined on the same specimens using standard macroscale testing techniques. Methods: Deep-zone bovine articular cartilage specimens (n ¼ 10) were tested in macroscale confined and unconfined compression. For microindentation testing, the biphasic properties were determined by conducting finite element simulations of the microindentation experiments for different combinations of values of biphasic properties and identifying the combination yielding the best match to each microindentation curve. Paired t-tests were performed to compare each of E, k and n between the macro-and microscale. /N s, and 0.16 (0.08, 0.24), respectively. A significant difference between the macro-and microscale measurements was observed for k (P < 0.0001), but not for E or n (P ¼ 0.88, 0.16).
Introduction
Degeneration and subsequent loss of articular cartilage are primary pathologies of joint diseases such as osteoarthritis (OA). In OA, changes in mechanical properties of articular cartilage, such as decreased compressive stiffness and increased permeability 1 , contribute to the progressive loss of function of the tissue and joint. However, direct relationships between the biology of OA progression and the loss of mechanical function are not fully understood. Through continued progress in the application of micro-and nanoscale mechanical testing techniques to articular cartilage, new possibilities exist for defining changes in mechanical properties that accompany the morphological, histological, and biochemical abnormalities of OA. For example, small-scale indentation testing can identify age-related and OA-like changes in cartilage stiffness 2 and should allow characterization of regional variations in mechanical properties with high spatial precision. For these applications, there is a need to examine relationships between the mechanical properties at the macroscale and those at smaller length scales, both for proper interpretation of the latter and for building a more comprehensive understanding of the micro-and nanostructural basis of the mechanical degradation that occurs with degenerative joint diseases.
Studies of the mechanical behavior of articular cartilage at the nanoscale have typically used atomic force microscopy and sharp pyramidal indenter tips (radii z 20 nm)
3e5 . An advantage of this approach is that the combination of small tip size and shallow indentation depth allows investigators to probe the behavior of individual structural elements, such as collagen fibrils, in the tissue. In a recent study, Stolz et al. found that nanoindentation, but not microindentation, was able to detect an age-related stiffening in the femoral heads of wild-type mice as well as differences in stiffness between normal and degenerated cartilage in both murine and human cartilage specimens 2 . Moreover, this study and an earlier one on porcine cartilage 4 found much lower stiffnesses measured with nanoindentation as compared to microindentation. Although microindentation may yield reduced sensitivity in detecting certain changes within the extracellular matrix, an advantage of testing at the microscale is that the volume of tissue that is tested is large enough to enable characterization of the poroelastic nature of articular cartilage. Thus, unlike with nanoindentation, microindentation tests can be more readily used to quantify tissue permeability. However, despite the growing number of microindentation studies on cartilage, most of the studies to date have modeled the cartilage as a linear elastic material 6e10 . Mixture theories, such as the linear biphasic, biphasic poro-viscoelastic, and fiber-reinforced poroelastic theories, that account for interactions between the fluid and solid phases of articular cartilage are more appropriate 11 . Of the studies that have used these fluidesolid mixture theories to analyze the indentation data 12e15 , none has performed a direct comparison to values obtained from a "gold standard" macroscale test. As such, the accuracy of the biphasic or poroelastic material properties determined from small-scale indentation testing methods has not been established. The issue of accuracy is particularly important for indentation studies on murine articular cartilage, as the small joint size and irregular joint surface topographies in this species preclude the use of macroscale testing methods.
The overall goal of this study was to investigate the use of microindentation in characterizing the biphasic material properties of articular cartilage. This was accomplished through two specific aims: (1) to estimate the biphasic material properties (Young's modulus, permeability and Poisson's ratio) of articular cartilage using microindentation; (2) to compare the material properties determined via microindentation to those determined on the same specimens via standard macroscale testing techniques.
Materials and methods

Specimen preparation
Bovine articular cartilage from the femoropatellar groove was chosen for this study due to its extensive use in previous studies on cartilage mechanics. As the depth-dependent variation in the mechanical properties of cartilage 16 would create difficulties in comparing macro-and microscale behavior, the deep zone of the cartilage plugs was isolated in this study in order to provide more homogeneous specimens. The specimen thickness was chosen to be thin enough to only contain deep-zone cartilage, yet thick enough to allow macroscale compression testing. Four intact, bovine hindlimb knee joints were obtained from a local abattoir (City Packing Co, Boston, MA). Full-thickness, osteochondral explants (9.53 mm diameter) were harvested from the femoral patellar groove and stored at À20 C in phosphate buffered saline (PBS) with protease inhibitor (PI) until day of testing. Explants were thawed for 1.5 h, and articular cartilage specimens (n ¼ 10) were prepared using a freezing stage microtome (Mikron HM 450, Thermo-Scientific, Waltham, MA) to remove the underlying bone and, subsequently, the articulating surface until the specimens were w400 mm thick. Specimens were then cut to size using a hollow cylindrical punch (6.53 mm diameter, McMaster Carr, Princeton, NJ), and the height was measured using a current sensing micrometer.
Mechanical testing
Each specimen was tested first in confined compression, followed by unconfined compression and finally microindentation with a 90-min recovery period between tests. The total experiment time for each specimen was approximately eight hours. Specimens were completely submerged in PBS with PI during all testing and recovery periods.
Macroscale
Confined and unconfined compression tests were performed using a DMA instrument (Q800, TA Instruments, New Castle, DE) equipped with a custom submersionecompression assembly. This assembly consisted of a submersion chamber with a polycarbonate compression well and porous platen for confined compression testing and with glass platens for use in unconfined compression testing. The sides of the submersion chamber were fitted with two glass sides that allowed for imaging of the specimen during testing. For both types of tests, a 5 kPa preload was applied to the specimens for 5 min. Specimens were then subjected to a ramp to 15% strain for confined compression or 10% strain for unconfined compression, followed by a stresserelaxation period of 1 h. Specimens were considered to have reached equilibrium when a change of <1 kPa occurred over 5 min 17 . For the unconfined test, images of the specimens were taken with a digital camera (Model #PL-A622, PixeLINK, Ottawa, ON) immediately before applying the loading ramp and at the end of the relaxation period.
Microscale
Microindentation tests were performed using a mechanical tester (TriboIndenter 900, Hysitron, Minneapolis, MN) with 1 nN and 0.04 nm force and displacement resolutions, respectively. Specimens were mounted with cyanoacrylate glue on a microscope slide with the side closest to the articulating surface facing up. The slide was then submerged in PBS with PI. Each specimen was indented with a conospherical (50-mm radius), diamond, fluid-cell tip. The use of a spherical geometry rather than a plane-ended tip results in a much smaller contact area, thus allowing for the detection of spatial heterogeneity of material properties, and also reduces the stress concentrations at the edge of the indenter. A protocol for manual surface detection was used to ensure an accurate measurement of indentation depth, because significant drifting of the indenter tip into the surface of the cartilage was observed when using the automatic surface detection protocol in the TriboIndenter software 18 . Briefly, the surface of the specimen was located by manually lowering the tip until a sudden increase in force was observed. The tip was then raised slightly above the surface, and each specimen was indented using a displacementcontrolled ramp function in which the indenter tip was advanced at 500 nm/s to 4000 nm total displacement, held at this peak displacement for a 300 s relaxation period, and then unloaded at 500 nm/s. Three indents were performed on at least three different locations across the surface of the specimen. A recovery period of approximately 1 min was used between indents. Indents for which it was apparent that the tip had drifted into the specimen surface prior to the start of the test were excluded from analysis. Drifting of the indenter tip prior to indentation was identified by the occurrence of an immediate and sharp increase in the forceetime curve at the onset of tip displacement during testing. In the absence of this drift, the measured force remained constant at the start of the test until the tip made contact with the surface.
Analysis Macroscale
Forceetime curves from the confined compression tests were analyzed by fitting the last 30% of the relaxation curve, reduced to 75 data points 19 , to the linear biphasic model. The theoretical stresserelaxation response s(t) for a biphasic material in confined compression can be determined by solving the one-dimensional differential equation
using boundary conditions and initial conditions that correspond to a displacement ramp to a predetermined, peak strain and a hold period at the peak strain 20 . In Equation (1), u(z,t) is the displacement, z is the axial coordinate, t is time, H A is the aggregate modulus, and k is the permeability. For the confined compression tests in this study, the displacement rate was not constant during the ramp because the DMA instrument is inherently forcecontrolled and relies on a feedback loop in order to control the displacement rate. The time to reach constant displacement was approximately 12 s. In order to account for the variable ramp rate in the theoretical stresserelaxation response, the ramp portion of the test for each specimen was approximated as piecewise linear ( Fig. 1 ) over time. Equation (1) was solved for each linear portion, and also for the hold period, using the appropriate, specimenspecific initial conditions and boundary conditions for each portion. For example, the theoretical stresserelaxation response for the first (0 < t < t 1 ) and second (t 1 < t < t 2 ) linear portions of the ramp are
and
n 2
respectively, and the response for the hold period (t > t 5 ) is
where
In Equations (2)e (5), t i are the timepoints as labeled in Fig. 1 , V i and C i are the slope and intercept, respectively, of the equation used to approximate the ith linear piecewise portion of the displacement curve, u 5 is the displacement at t 5 (i.e., the final, constant displacement), d is the specimen thickness, and s ¼ d 2 =p 2 H A k. The macroscale measurements of H A and k, were determined using a least squares curve-fitting routine (Matlab, The Mathworks Inc., Natick, MA) which identified the pair of values that resulted in the lowest sum of squares of error (SSE) between the experimental data and theoretical curves (Equation (4)).
Poisson's ratio was calculated using optical measurements of radial strain (ImageJ, NIH Bethesda, MA) made on the images taken during the unconfined compression test. Young's modulus (E) was then calculated from H A and n. For comparison purposes, the Young's modulus was also calculated from the unconfined compression test.
Microscale
For analysis of the microindentation testing, finite element (FE) analysis (ABAQUS 6.7.1, Simulia, Providence, RI) was used to simulate the microindentation experiments for different combinations of biphasic material properties, and the set of properties that produced the best match between experimental and FEcomputed forceetime curves was determined. This approach has been used successfully in the past for macro-and microindentation tests 12,14,21e24 . Given that the stiffness of the diamond indenter tip is orders of magnitude stiffer than cartilage, the indenter was modeled as a rigid, impermeable, 50-mm-radius sphere. The cartilage specimen was modeled as a 400-mm-diameter, 400-mm-high cylinder comprised of 3188 bilinear, axisymmetric, pore pressure, continuum elements (CAX4P) graded in size such that smallest elements were near the contact region (Fig. 2) . The 400-mm diameter was chosen based on a parametric study that was performed to determine the minimum specimen diameter such that Fig. 1 . A representative plot of experimental timeedisplacement data during ramp period of confined compression stresserelaxation test. For the purposes of determining the theoretical stresserelaxation response during the hold period (t > t 5 ), the displacement ramp is approximated as piecewise linear over the time intervals indicated. For ease of visualization, only every fifth data point from t 3 onward is shown. boundary effects are negligible. The cartilage was modeled as a homogenous, isotropic, linear, poroelastic solid with void ratio of 4 (representing 80% fluid) and with water (specific weight ¼ 9.81 Â10 À9 mN/mm 3 ) saturating the pore space. Contact between the indenter tip and the cartilage surface was designated as small sliding, without friction. A Fortran subroutine was used to prohibit flow across the top surface of any element in contact with the tip and to allow free flow across this surface otherwise 25 .
The displacement boundary conditions followed those of the microindentation experiments, in which the tip was lowered at a rate of 500 nm/s and held for 300 s before unloading. As a result of the manual surface detection protocol that was used in the experiments, the total indentation depth in the microindentation experiments ranged from 3188.72 to 3913.58 nm. To account for this variation, FE simulations were performed for indentation depths varying from 3200 to 3900 nm in 100 nm increments. 
Statistical analysis
Paired t-tests were performed to compare each of E, k and n between the macro-and microscales. Pearson correlation analyses were performed to determine the associations between values at the macroscale and those at the microscale. A paired t-test was also used to compare the values of E computed from H A and n vs those computed from the unconfined compression tests. A significance level of 0.05 was used for all statistical analyses.
Results
The average R 2 value for all fits of the macroscale confined compression tests was 0.954 (Fig. 3) . The macroscale values, reported as mean (lower bound of 95% confidence interval, upper bound of 95% confidence interval) for k and n were 3.05 (2.18, 3.92) Â 10 À15 m 4 /N s, and 0.09 (0.04, 0.14), respectively ( Table I ).
The average macroscale E was 0.76 (0.60, 0.92) and 0.81 (0.55, 1.07) MPa as calculated from the confined and unconfined compression tests, respectively; these values were not significantly different from one another (P ¼ 0.43). The forceetime curves from the microindentation tests exhibited the typical relaxation behavior of a biphasic material. The bestfitting IRS curves corresponded very well to the microindentation experimental data with an average R 2 value for all indents of 0.990 (Fig. 4) . The microscale values, mean (lower bound of 95% confidence interval, upper bound of 95% confidence interval) for E, k and (Table I) . Microindentation measurements of E at each location on the specimen surface were repeatable, while differences among locations were observed (Fig. 5) .
When comparing the macro-and microscale measurements, no difference in E or n was observed (P ¼ 0.88, 0.16, respectively) (Table I ).
However, k was at least an order of magnitude lower at the microcompared to the macroscale (P < 0.0001). A correlation between the macro-and microscale values was observed for E (P ¼ 0.03), but not for k and n (Fig. 5) .
Discussion
Small-scale indentation techniques hold significant promise for characterizing the biomechanical aspects of the pathogenesis of OA, in part because the high spatial resolution of these techniques is well suited to murine models of OA. However, the accuracy of the biphasic or poroelastic material properties determined from this type of indentation testing has not been established. As such, the overall goal of this study was to investigate the use of microindentation in characterizing the biphasic mechanical properties of articular cartilage. This was accomplished by comparing the values of biphasic properties of bovine articular cartilage determined using microindentation and those determined on the same specimens using standard macroscale techniques. The values that we determined for E, k and n at the macroscale are consistent with those reported for deep-zone bovine cartilage 16, 26 , and reasonable Fig. 3 . A representative plot of experimental macroscale confined compression data with corresponding fitted biphasic curve over the last 30% of the relaxation data. agreement was found between the macro-and microscale values of E and n. Further, the two sets of values of E were correlated with each other. In contrast, large differences between the macro-and microscale values were seen for k.
To the authors' knowledge, this is the first study to report a paired comparison of measurements of the biphasic material properties of articular cartilage at the macro-and micro-scales. The inclusion of a direct comparison to gold-standard measurements performed on the same specimen provides the ability to validate the microindentation technique. This validation step is necessary to establish whether microindentation produces meaningful mechanical data on the poroelastic nature of the tissue.
The microindentation technique was found to be repeatable at a given location and was also able to resolve differences in E and in n across the specimen surface. The ability to quantify spatial heterogeneity was indicated by a comparison of the coefficients of variation for the repeated indents performed at each location to the differences in means among the three indent locations for each specimen. This coefficient of variation was smaller than the average percent difference in means for eight out of the 10 specimens in the case of E and nine out of the 10 specimens in case of n. However, a trend toward increasing E and k with subsequent indentation at the same location was observed, and we suspect that adding a preconditioning step to the microindentation protocol and increasing the recovery time between indents would eliminate this trend. The 1-min recovery period that was used during the microindentation test was selected during the course of preliminary analyses that suggested that this amount of time was sufficient, although a retrospective analysis conducted after all testing was completed indicated that a longer period of time should have been used. Increasing the recovery time would be expected to reduce the variability in each of E and k at each indent location, making the coefficients of variation calculated from this study upper bounds of the true extent of variability.
The differences between the values of permeability between the macro-and microscales may be due to several factors, including non-ideal test conditions in the macroscale tests, anisotropy in the tissue permeability, and a possible length-scale dependence to the permeability. For example, unavoidable 20 , geometric imperfections in the specimens in this study included oblique specimen sidewalls and non-uniform diameters. These imperfections, which result in incomplete confinement, combined with interdigitation of the cartilage specimen into the porous platen and into the gap between the platen and the confinement well sidewall, contribute to an overestimation of the permeability and can result in errors of up to 400% 20, 27, 28 . An additional limitation in this respect is that the ramp time in the macroscale tests (w12 s) may not have been long enough to reduce the contribution of flow-independent viscoelasticity to the relaxation response, and thus may have reduced the quality of the fit of the experimental data to the theoretical model (Fig. 3) . Material anisotropy may also contribute to the measured differences in permeability between the macro-and microscales. In this study, the FE simulations predict that the primary path of fluid flow in the microindentation tests is in the radial direction, whereas fluid flow in the macroscale, confined compression test is restricted to the axial direction. Prior studies have shown that the radial permeability of articular cartilage is significantly lower than the axial permeability 29e32 , and this anisotropy is thought to be primarily due to the orientation of collagen fibers within the cartilage 33 . Biphasic models that include anisotropic permeability or that explicitly account for the cartilage microstructure may resolve differences observed between the two different testing configurations.
The differences between the values of permeability between the macro-and microscales may be also due to a length-scale dependence of the permeability. Solute transport studies have reported a fairly smooth decrease in apparent diffusion constants with increasing solute size, providing evidence of the existence of a range in effective pore sizes in articular cartilage 34, 35 . The diffusion behavior of large molecules also suggests the presence of a small number of relatively large pores 34, 35 . Differences in permeability measured at different length scales would thus be expected. Indeed, the microindentation studies that have measured cartilage permeability have produced values of k lower than those typically reported at the macroscale, with differences as much as an order of magnitude 12, 14, 15 .
In summary, the agreement in Young's modulus and Poisson's ratio between the results of the microindentation tests and those of the macroscale tests supports the use of microindentation for characterization of some of the biphasic material properties of articular cartilage. The agreement between the values of E measured at micro-and macroscale is consistent with prior published results for porcine 4 and human cartilage specimens 2 . The current findings extend the existing body of results by providing a comparison of Poisson's ratio and permeability between the micro-and macroscales. The observed differences in permeability motivate further investigation of how this property of articular cartilage varies across length scales and of the extent to which this variation is rooted in the tissue microstructure. 
